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Semimytilus algosusBiological invasions, which are occurring at an increasing rate, are recognised as major drivers of environmental
change. Impacts fromnon-native species are particularly pertinent to species interactions, such as those between
predators and prey. In this regard, impacts of invasive predators on their native prey have beenwidely examined,
while the impacts of invasive prey on native predators have been largely overlooked. Here we investigate the
impact of invasive mussel species on foraging decisions of a native predatory whelk, Trochia cingulata, on the
West Coast of South Africa. This coastline has been subject to a number of mussel invasions, resulting in changes
to intertidal communities and hence the foraging landscapes of mussel predators. We compared present day
survey data with that from 30 years ago and found significant changes in the mussel assemblage available to
the whelk. The native mussel Choromytilus meridionalis was no longer present on the shore, and there were
reduced abundances of the native Aulacomya atra. On the other hand therewere increases in the invasiveMytilus
galloprovincialis, with the detection of a second invader Semimytilus algosus. We then examined predation by
whelks on the different mussel species in laboratory feeding trials. When presented with single prey species,
whelks consumed greater numbers of the invasive M. galloprovincialis and S. algosus compared to A. atra,
which was previously their preferred prey. Similarly when thesemussels were provided in combination, greater
numbers of the invasive species were consumed. Chemical cue trials indicated that whelks did not select prey
based on chemical recognition, indicating that tactile stimulation was an important driver of prey choice.
Although there was no overall difference in shell thickness at drilling sites among mussel species, drill holes
were concentrated at the centre of the invasive mussel shells, while this was not observed in the native shells.
No differences in energy content were found betweenmussel species, suggesting that whelks drilled in locations
that maximised energy gain. Overall we found that native predatory whelks that previously preferentially
consumed the native mussel had shifted their selection of prey towards the invasive species. Notably, familiarity
with one invasivemussel appears to have facilitated the assimilation of a secondmorphologically similar invasive
mussel into the diet of whelks.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The rate of biological invasions is increasing worldwide, and the
introduction of non-native species to coastal marine systems is well
documented (Levine and D'Antonio, 2003; Rilov and Crooks, 2009;
Ruiz et al., 2000). Invasive species are recognised as major drivers in
global marine biodiversity loss and this can have far-reaching environ-
mental consequences (Molnar et al., 2008; Sala et al., 2000; Simberloff
et al., 2013; Wonham and Carlton, 2005). Such impacts can have com-
plex and varied outcomes, with invasive species outcompeting natives
for resources (MacDonald et al., 2007), altering energy flows in foodr).
ent of Conservation Ecology and
uth Africa.webs (Preston et al., 2012), and affecting the structure and functioning
of the ecosystem itself (Baird et al., 2012).
Biological invasions can also affect predator–prey interactions. Much
research has focused on the establishment of invasive predators
(Carlsson et al., 2009; Lima, 2002; Sih et al., 2010), with studies demon-
strating that native prey species may be especially vulnerable to local de-
clines and extinctions (Cucherousset and Olden, 2011; Rindone and
Eggleston, 2011; Salo et al., 2007). However, native predatorsmay also af-
fect the success of an invading prey species through predation driven bi-
otic resistance (deRivera et al., 2005; MacNeil et al., 2013; Shinen et al.,
2009). Indeed, some native predators may be able to incorporate new
species into their diet without altering their foraging strategies (Rilov
et al., 2002). However, an alien species that successfully displaces a native
may also come to represent an abundant prey resource, resulting in po-
tential changes to the foraging choices by native predators (Carroll
et al., 2005; Phillips and Shine, 2006; Veiga et al., 2011).
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sions (Mead et al., 2011), and the Mediterranean mussel Mytilus
galloprovincialis is one such invasive species that has transformed
wave-exposed coasts in the region (Robinson et al., 2007a). First detect-
ed in the late 1970s (Grant and Cherry, 1985), the species has now in-
vaded more than 2000 km of coastline and has become the dominant
intertidal organism on many rocky shores (McQuaid and Phillips,
2000; Robinson et al., 2005). The success of M. galloprovincialis has
been attributed to its rapid growth rate and high reproductive output
(Robinson et al., 2007a; Van Erkom Schurink and Griffiths, 1991)
resulting in a superior competitive ability for primary rock space
(Erlandsson et al., 2006; Steffani and Branch, 2005). This has subse-
quently resulted in the displacement of native mussel species such as
Aulacomya atra and Choromytilus meridionalis along the west coast
(Branch et al., 2008; Sadchatheeswaran et al., in press) although partial
habitat segregation has resulted in this species co-existing with the na-
tive Perna perna on the south coast. More recently, South Africa is
experiencing a second mussel invasion with the recent detection of
Semimytilus algosus, a species native to Chile (de Greef et al., 2013).
This species was first detected in 2009 and has subsequently shown
rapid expansion along the west coast (de Greef et al., 2013).
The invasions by M. galloprovincialis and S. algosus have multiple
implications for the native community. Driven primarily by changes in
habitat complexity, changes in abundance and diversity of native biota
have resulted in altered community composition (Sadchatheeswaran
et al., in press). The presence of these non-native mussels also results
in abundant new prey resources for local predators, such as the whelk
Trochia cingulata. This predatory whelk commonly feeds on mussels
(Wickens and Griffiths, 1985) and the presence of any new species
has potential implications for behavioural decisions. Wickens and
Griffiths (1985) found that in the rocky intertidal zone of Marcus Island,
South Africa (33°02.59′ S, 17°58.26′ E), T. cingulata “appeared to preferen-
tially consume A. atra” in comparisonwith the natives C. meridionalis and
P. perna. However, it was later discovered that the species identified as
P. perna in this study was in fact the invasive Mediterranean mussel
M. galloprovincialis (Griffiths pers. comm.). Despite this misidentification,
it remains that T. cingulata showed a preference towards the native A. atra
in the field. Now, more than three decades on, this shore has changed
considerably with the establishment ofM. galloprovincialis as a dominant
space occupier and the arrival of S. algosus (Sadchatheeswaran et al., in
press). The current mixed mussel beds at this site thus differ markedly
in composition to those studied byWickens andGriffiths (1985), present-
ing a very different foraging landscape to T. cingulata.
Predatory boring whelks show complex foraging behaviours and
some have been shown to recognise novel prey resources after a period
of conditioning (Nakaoka, 2000;West, 1986). We were therefore inter-
ested in how prey selection by T. cingulata has changed over time,
following sequential mussel invasions. First, through a repeat survey
of the same area of shore studied by Wickens and Griffiths (1985), we
established the current foraging landscape available to T. cingulata.
Second, through laboratory feeding experiments we tested whether
T. cingulata has incorporated the invasive mussels into its diet. Thirdly,
trials investigating prey choice based on chemical and tactile cues
were used to examine further elements of prey selection. Finally we
studied whether aspects of the mussels' shell morphology and flesh
energy content could explain our observations.
2. Materials and methods
2.1. Field surveys
A field survey was conducted during April 2014 on Marcus Island in
Saldanha Bay (33°02.59′ S, 17°58.26′ E) on the West Coast of South
Africa, sampling mussel beds at a tidal height corresponding to that ex-
amined by Wickens and Griffiths (1985). A total of 12 quadrats
(10 × 10 cm2) were sampled, and all mussels present identified,counted and measured (length in mm). Mussels less that 7 mm in
length were considered to be recruits and were not included in these
counts. This was done to quantify the availability of mussels within a




Organisms used in experiments were collected from three locations
along the West Coast of South Africa in November 2013 and March
2014. T. cingulata were collected from Elands Bay (32°20.11′ S,
18°18.51′ E), the native and invasive mussels, A. atra and
M. galloprovincialis from Bloubergstrand (33°48.18′ S, 18°27.45′ E) and
the invasive mussel S. algosus from Hout Bay (34°02.5211′ S, 18°21.38′
E). Each species was collected by hand at low tide, before being
transported to Stellenbosch University. Here species were acclimated
in separate tanks with aerated artificial seawater (28–32 ppt, approx.
15 °C) under a 12:12 h light:dark cycle for one week. During this time
whelks were starved to standardise hunger levels. Mussels were
maintained on a phytoplankton suspension of Isochrysis and Pavlova
spp. For all experiments whelks ranged in size from 15 to 25 mm
(from tip to base of shell) while mussel size (15–25 mm) was
standardised across species. These ranges were selected as previous
work indicated that this was the size of mussel most targeted by the
size of whelk used here (Wickens and Griffiths, 1985).
2.2.2. Single prey-species presentations
We first investigated consumption of single prey species by whelks
via functional response experiments. The functional response is defined
as the relationship between predation rate and prey density and
provides information on aspects of the predator–prey interaction across
a range of resource densities (Holling, 1959; Solomon, 1949). To estab-
lish the functional response of whelks towards the mussel prey species,
T. cingulatawere selected from holding tanks and randomly allocated to
experimental pots (10 cm diameter) filled with 500 ml seawater for
24 h prior to the addition of prey, to allow acclimatisation to the
arena. Individual whelks were presented with one of the three mussel
species (M. galloprovincialis, S. algosus or A. atra) at each of four prey
densities (1, 2, 3, 6 per trial; n = 5 at each density). Trials were run
for 40 days and were inspected daily, with mussels being replaced
when consumed by whelks. Seawater was replaced every two days
and mussels were fed the phytoplankton suspension. Controls were
three replicates of each prey density per species in the absence of
predators.
The numbers of the different mussel prey species consumed overall
by T. cingulata were assessed using a generalised linear model (GLM)
with quasipoisson distribution. We determined functional response
type using logistic regression of the proportion of prey consumed
against initial prey density (Juliano, 2001; Trexler et al., 1988) and
modelled them using Holling's disc equation that accounts for replace-
ment of prey as they are consumed (Holling, 1959). This allowed an
estimation of a number of behaviour parameters, namely attack rate a,
handling time h and maximum feeding rate 1/hT. We did not, however,
compare attack rates of whelks among the different prey species as we
believe, given the slow rate of consumption by these predators, that this
is not a very informative parameter. However, the functional response
data were then bootstrapped (n = 30) and the parameters handling
time h and maximum feeding rate 1/hT (T = experimental time) were
compared using GLMs.
2.2.3. Simultaneous prey-species presentations
Simultaneous presentations tested prey choice bywhelkswhen they
were allowed physical access to mixed groups of mussels. Whelks were
randomly selected from holding tanks and four individuals were al-
located to each experimental pot. Each tub of whelks was
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M. galloprovincialis and A. atra, 15 each of S. algosus and A. atra, 15
each of M. galloprovincialis and S. algosus, or 10 each of each species
(n = 3 for each combination). Trials were run for 20 days and were
inspected daily, with mussels replaced when consumed to maintain
constant relative prey densities. As before, controls comprised three
replicates of each prey combination in the absence of predators.
Differences in the numbers of species consumed in each set of com-
parisons were analysed with a one-way repeated-measures ANOVA.
2.2.4. Prey choice via chemical cue
To determine whether whelks select prey based on the detection of
chemical cues, prey choicewas tested bymeans of a short-term y-maze
experiment. The y-maze was constructed using white PVC, with each
arm 12 cm in length, and filled with 250 ml of artificial seawater.
Airstones were placed at the end of each arm to facilitate water move-
ment, which was confirmed by following a drop of red dye applied
near the airstone and timing the spread of dye (32 s). Y-mazes were
soaked in seawater for 24 h before use to leach any compounds that
may have interfered with chemical cues produced by the mussels.
A single whelk was placed at the end of one arm of the y-maze and
was presentedwith a choice between twomussel species each assigned
an end of the remaining y-maze arms. Prey choice was compared
between M. galloprovincialis vs. A. atra, M. galloprovincialis vs.
S. algosus and S. algosus vs. A. atra (n = 15 per comparison). Mussel
species were assigned at random to each side of the maze and control
treatments compared choice between single species presentations and
were used to determinewhether therewas preference towards a partic-
ular arm of the maze. Whelks were allowed up to 24 h to make a selec-
tion. A choice was considered to be made once the predator crossed a
threshold marked 2 cm from the end of the arm containing the prey.
The maze was reset after each test by cleaning with seawater and
replacing water. Prey choice selection was analysed using a binomial
analysis, which tested the success of the whelk selecting one prey
over another. Control treatments were compared testing choice of one
side of the maze over the other.
2.2.5. Mussel parameters
In order to explain observed differences in consumption of themus-
sel species, a number of parameters were recorded upon completion of
the functional response and simultaneous presentation experiments
from the shells that had been bored, andmussel flesh consumed. Firstly
mussels were examined for drill holes. Mussels were examined from
the outside and drilled valves were assigned either as ‘right’ or ‘left’ of
the hinge. Each valve was then divided into grids consisting of nine
sections and the location of the borehole was noted with respect to
these locations. Grids were numbered so that right and left locations
corresponded to one another. Differences in the numbers of right
and left valves drilled as well as drill hole location were tested using
Chi-squared tests.
Secondly, boreholes were photographed with a Leica EZ3 camera
attached to a Leica MZ75 stereomicroscope, and borehole diameter
and areas were measured in ImageJ (Schneider et al., 2012). Borehole
size was then compared with a two factor ANOVA with respect to
mussel species and valve (right or left).Table 1
Population densities (numbers.m2 ± SD) and % contribution to mussel assemblages on Marcu
1983
Species Density (N7 mm) % of all m
A. atra 21,790 63.2
M. galloprovincialis 9535 27.7
S. algosus 0 0
C. meridionalis 3136 9.1Thirdly, we tested whether there were differences in shell thickness
at the borehole location in each mussel using digital vernier callipers
(0.001 mm precision). These measurements were compared using a
two factor ANOVA with respect to mussel species and grid position.
This allowed a comparison of the difference in shell thicknesses within
and among mussel species.
Finally, in order to determine whether prey selection was based on
the potential energy gains provided by the mussel species, energy con-
tent was analysed. Mussel flesh was removed from 20 individuals per
species. These samples were dried to a constant mass at 60 °C before
being ground into powder form and the energy content (kJ/g) was
determined by bomb calorimetry. Differences in energy value were
then compared with a one factor ANOVA.
3. Results
3.1. Field surveys
Profound changes were observed between the mussel assemblages
of 1983 and 2014, M. galloprovincialis becoming the dominant species,
at the expense of the native A. atra (Table 1). Overall the number of
native A. atra declined, accounting for less than a quarter (20.03%) of
the mussel assemblage in 2014 in comparison with more than a half
in 1983. In contrast M. galloprovincialis doubled its % contribution to
the mussel assemblage from 27.7% to 55.2%. While C. meridionalis was
no longer present in 2014, the recent invader S. algosus contributed
24.7% to the present mussel assemblage (Table 1). There was also a
shift in size–frequency distributions of both M. galloprovincialis and
A. atra through time (Fig. 1) with 2014 populations no longer showing
a right skewed distribution.
3.2. Laboratory experiments
3.2.1. Single prey-species presentations
In control trials there was N98% survival of mussels in the absence
of predatory whelks, therefore mussel deaths were attributed to
whelk predation, which was also evidenced by drill holes. Overall
the number of prey consumed by predatory whelks differed depending
on the prey species (F2,67 = 5.09, p = 0.008). Significantly more of
each invasive mussel was consumed in comparison with the native
(M. galloprovincialis, z = 2.84, p = 0.006; S. algosus, z = 2.14, p =
0.03). While more M. galloprovincialis were consumed than S. algosus,
this difference was not significant (z = 0.89, p = 0.64) (Fig. 2).
Logistic regression analysis indicated that whelks showed a Type II
functional response towards each prey species (Table 2). There was a
heightened functional response of whelks towards M. galloprovincialis
in comparison with S. algosus, which was in turn greater than A. atra
(Fig. 2). Bootstrapping showed that handling times differed significantly
between whelks feeding on different mussel prey (F1,88 = 193.65,
p b 0.001; Table 3, Fig. 3) and whelks had a lower handling time
for both M. galloprovincialis (z = 17.61, p b 0.001) and S. algosus (z =
16.42, p b 0.001) than A. atra. Therewas nodifference inwhelk handling
timebetweenM. galloprovincialis and S. algosus. Maximum feeding rates
also differed (F2,87 = 7.07, p = 0.001; Table 3, Fig. 3), however,
there was only a significant difference in rate of whelks feeding ons Island. Data from 1983 extracted from Wickens and Griffiths (1985).
2014
ussels Density (N7 mm) % of all mussels
13,200 ± 1095 20.0
36,400 ± 1762 55.3
16,300 ± 1497 24.7
0 0
Fig. 1. Size–frequency distributions of a) A. atra, b)M. galloprovincialis, c) C. meridionalis and d) S. algosus in mussel beds onMarcus Island in 1983 and 2014. Mussels b7mmwere
considered recruits and not available to the size of whelks studied so are not included. Data for 1983 extracted fromWickens and Griffiths (1985). Note the different axes used for
the different species.
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er, a strong trend towards higher feeding rates on S. algosus in compar-
























Fig. 2. Functional response of whelks towards M. galloprovincialis (circle, solid line),
S. algosus (square, dashed line) and A. atra (triangle, dotted line) as modelled by Holling's
Type II disc equation. Data are mean prey consumed ± SE.3.2.2. Prey choice via chemical cue
During control trials there was no trend towards either side of the
maze, thus excluding a choice bias by the whelks. The y-maze trials
had an 82% success rate of a choice being made by the whelk after
24 h. However, T. cingulata did not show active prey selection towards
any of the mussel species (binomial analysis, all p N 0.05).
3.2.3. Simultaneous prey presentations
There was high survival of mussels in control trials (N98%),
and mussel mortality could thus all be attributed to whelk preda-
tion. In trials comparing whelk consumption of the invasive
M. galloprovincialis and native A. atra, T. cingulata consumed signifi-
cantly more M. galloprovincialis (F1,2 = 42.03, p = 0.02; Fig. 4a).
Similarly there was a strong, although non-significant, trend towards
greater consumption of the invasive S. algosus in comparison with
A. atra (F1,2 = 11.25, p = 0.07; Fig. 4b). Comparisons between theTable 2
Parameter estimates from logistic regression analyses of proportion of prey killed against
initial prey density for whelks feeding on each of the three mussel species. Values for
intercept and first-order (N0) terms are presented with p values; *p b 0.05, **p b 0.01,
and ***p b 0.001.
Mussel prey species Intercept N0 FR type
M. galloprovincialis 1.661*** −0.214*** II
S. algosus 1.236** −0.219** II
A. atra 1.011* −0.498*** II
Table 3
Functional response parameters, presented as means ± SE, of handling time h and
maximum feeding rate 1/hT for M. galloprovincialis, S. algosus and A. atra; raw data
from multiple parameter estimates, derived from bootstrapping (n = 30), with F-
tests and p values.
M. galloprovincialis S. algosus A. atra F p
h 0.122 ± 0.012 0.162 ± 0.020 0.719 ± 0.034 193.65 b0.001
1/hT 0.414 ± 0.116 0.260 ± 0.042 0.037 ± 0.002 7.07 b0.01
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S. algosus, consumed by T. cingulata revealed no difference (F1,2 =
3.22, p = 0.2; Fig. 4c). When all three species were presented simul-
taneously, significantly more S. algosus were consumed than the
other species (F2,4 = 22.33, p = 0.007; Fig. 4d).3.2.4. Mussel parameters
Of a total of 279 shells drilled in functional response and simulta-
neous prey presentation experiments, a greater number of mussels
were bored through the right valve (59.6%; Χ2 = 4.64; p = 0.03) and
this was consistent among mussel species. There was a significant
difference in location of boreholes in both the right (Χ2 = 26.90, p =
0.01) and left valves (Χ2 = 33.04, p = 0.002). In both invasive species
M. galloprovincialis and S. algosus, borehole frequency was highest in
the centre of the valves (Fig. 5). While other areas were also bored,
this occurred at a very low frequency. In A. atra, however, there was
no apparent preferred location for drilling and boreholes were spread
over an area across the bottomportion of the shell (Fig. 5). No difference
was found in the diameter (F2,278 = 0.16, p = 0.9) or the area (F2,278 =
0.74, p = 0.04) of the boreholes compared among the mussel species.
There was also no difference in overall shell thickness at the borehole
among species (F2,278 = 0.35, p= 0.7), however there was a significantM. galloprovincialis S. algosus A. atra

















































Fig. 3. Mean (+SE) a) handling time h and b) maximum feeding rate 1/hT derived from
bootstrapping (n = 30 each) FR models of whelks which consumed M. galloprovincialis,
S. algosus and A. atra. Different letters indicate significant differences (Tukey's test,
p b 0.05).effect of grid position on thickness (F8,278 = 4.44, p b 0.001). This was
driven by thickening of shells in the region adjacent to the hinge.
There was no significant interaction between species and grid position
(F2,9 = 1.55, p = 0.1), indicating that differences in thickness were
consistent across species. Finally, there was no significant difference
in the energy content among the three mussel species (F1,2 = 1.31,
p = 0.3).
4. Discussion
The introduction of non-native species into new regions due to
increased anthropogenic movement is an ever-growing threat to global
diversity within natural systems (Arim et al., 2006; Grosholz, 2002).
South Africa's marine coastal habitats are no exception to this, with 86
introduced and 39 cryptogenic species having been identified (Mead
et al., 2011). The resulting modification of species composition along
the shore is likely to affect the dynamics within native communities,
in particular interactions between predators and their prey (Nakaoka,
2000). Such occurrences aremostly investigated, however, with respect
to the effects of invasive predators on the communities in their invaded
range, with the effects of invasive prey on native predators being largely
overlooked (Carlsson et al., 2009). It is therefore of importance in devel-
oping our understanding of the consequences of biological invasions, to
investigate the implications of invasive prey species for native
predators.
On Marcus Island a remarkable change in the identity and abun-
dance of intertidal mussel species has occurred in the last 30 years
(Sadchatheeswaran et al., in press). This study confirms the invasive
musselM. galloprovincialis as having now become the dominant species
at this site. This finding is representative of many sites along the West
Coast of South Africa (Robinson et al., 2005) and has significant implica-
tions for the natural system by impacting native communities via
habitat provisioning (Robinson et al., 2007b) and altering fundamental
species interactions (Branch and Steffani, 2004). We also recorded a
second non-native mussel species, S. algosus, a newly arrived invader
that was only recently first recorded on this coast (de Greef et al.,
2013) and more recently noted on Marcus Island for the first time
(Sadchatheeswaran et al., in press). It appears that these invasions
have occurred at the expense of native species, such as A. atra, which
has reduced in abundance, and C. meridionalis, that was not detected
in our shore surveys, nor by Sadchatheeswaran et al. (in press). In addi-
tion to changes to the identity and abundance of the mussel species on
Marcus Island, we also observed changes in the size structure of the
mussel assemblage since Wickens and Griffiths (1985). In contrast to
the previous survey, we found fewer small A. atra and
M. galloprovincialis individuals. While the reason for the change in
size–frequency distribution of A. atra remains unclear, the shift towards
larger individuals of the invasive mussel could reflect the present study
capturing a mature population, while in 1983 the invasion was still
in its early stages. Together these changes in population structure
through time, result in a very different foraging landscape for intertidal
predators, such as the native whelk T. cingulata.
The updated survey data provide evidence of the dramatic changes
to the prey available to native predators, such as T. cingulata, that have
occurred over the course of the past 30 years. The laboratory experi-
ments reported here, however, suggest that these whelks have adapted
their foraging accordingly and in fact preferentially consume the non-
native mussels. This is in contrast to Wickens and Griffiths (1985),
who found A. atra to be the mussel most often preyed upon by this
whelk. The authors related this finding to the relative abundance of
this mussel species available to whelks on the shore, A. atra being
numerically dominant. Indeed it has been shown how natural differ-
ences in prey abundances between sites can affectwhelk feedingprefer-
ences (Wieters and Navarrete, 1998). Wickens and Griffiths (1985)
further attributed the preference towards A. atra to the readily available
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Fig. 4.Meannumber (+SE)mussel consumption bywhelkswhen presented in the following combinations: a)A. atra andM. galloprovincialis, b) A. atra and S. algosus, c)M. galloprovincialis
and S. algosus, and d) A. atra, M. galloprovincialis and S. algosus.
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which may be a further mechanism motivating T. cingulata to consume
the other mussel species present, thus accounting their preference for
the invasive prey species.
An interesting finding was the high consumption of S. algosus in
simultaneous presentations of the three mussel species, coupled with
the preference for S. algosus over A. atra, despite the relatively short
time that this species has been present along the South African west
coast. It is notable that the length of time that T. cingulata has coexisted
with this new invasive mussel species is approximately equal to the
previous exposure of the whelks to M. galloprovincialis in the 1983
study. This may suggest that conditioning of the whelks towards the
smooth shelled M. galloprovincialis through time predisposed them to
accepting and even selecting for the morphologically similar S. algosus.
The preference towards the invasive mussels over the native species
by the whelks raises questions of biotic resistance and the ability of a
native community to resist an invasion through consumption of that
invasive species as a resource (Kimbro et al., 2013). In the present
system, although M. galloprovincialis appears to be highly predated
upon, there appears to be no predation driven resistance to its invasion,
at least via consumption by T. cingulata. For the native predator commu-
nity to resist invasion, their consumption must outstrip the reproduc-
tive output and recruitment into the invasive population (Griffiths and
Hockey, 1987; Reusch, 1998; Ruesink, 2007; Twardochleb et al., 2012),
and this can be strongly context dependent (Gestoso et al., 2014). Juve-
nile mussel populations, however, have an extremely high production-
to-biomass ratio, which allows them to support considerable predation
pressure while maintainingmaximumpopulation density (Bownes and
McQuaid, 2009; Griffiths, 1981). The fact that M. galloprovincialis can
recruit in densities of more than 80,000 individuals/0.01 m2 (Robinsonet al., 2007a) suggests that in this invasion, the effects of predation by
T. cingulata are simply swamped by mussel recruitment. While not yet
quantified, it appears that S. algosus may have similarly high recruit-
ment along this coast, which could render it free of predation suppres-
sion. It is notable that a lack of predation driven resistance has also
been recorded for the invasive barnacle Balanus glandula along this
coast (Robinson et al., 2015). However, the mechanism driving this
pattern is avoidance by predatory whelks, including T. cingulata, and
not overly high recruitment as is the case with the mussel invasions.
Prey selection by whelks is complex and there can be significant
variation in individual diets within a single population (Burrows and
Hughes, 1991). Some species demonstrate learned foraging behaviours
(Palmer, 1984; West, 1986) as well as responses to cue stimulus (Rilov
et al., 2002) and the ability to follow odour plumes in fast and turbulent
water currents (Ferner andWeissburg, 2005). Here, however, during y-
maze presentations of prey we found no indication of the use of water-
borne cues in the discrimination betweenmussel species by T. cingulata.
This is not necessarily an unexpected result, given the similarity of the
prey taxa that were compared. Also as T. cingulata would often be
faced with mixed beds in the field, the use of tactile cues would allow
for more robust prey selection. Furthermore, the exposed and turbulent
nature of the intertidal zone in this region also suggests that odour cues
would be unreliable and therefore whelks should be more reliant on
other sensory tactics.
When whelks had physical contact with the mussels, however,
differences in the numbers of each species consumed were observed.
A preference was observed towards the two invasive species over the
native, with significantly greater numbers of M. galloprovincialis and
S. algosus consumed in single species presentations. Similarly in simul-










Fig. 5. Location of highest borehole frequency in left (L) and right (R) valves in a) M.
galloprovincialis (n = 121), b) S. algosus (n = 134) and c) A. atra (n = 24).
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the whelks to different prey species, which have been shown to differ
depending on the prey identity (Fairweather and Underwood, 1983).
Although no direct behavioural observations were made during whelk
consumption of mussels, inferences on relative feeding rates and
behaviours were made via the functional response experiments. The
functional response parameters were generated under single species
presentations and showed that feeding rates on M. galloprovincialis
and S. algosuswere higher than on the native A. atra. The reductions in
handling time in both invasive species indicated that whelks were
able to process these prey species at a faster rate than the native species.
This corresponded to maximum feeding rates that were greatest in
M. galloprovincialis and intermediate in S. algosus.
Examination of the shells of bored mussels showed that they were
drilled predominantly in the centre of the valve. In A. atra, however,
this pattern was not observed, and there was a wide area selected for
drilling, possibly relating to the outer ribbedmorphology of this species
(López et al., 2010). This ribbing may impede the whelks' ability tolocate the most optimal drilling site on the shell. Indeed, although no
differencewas foundbetween the thicknesses of the boreholes between
the three species of mussel, there were differences in the thickness at
different parts of the valve. Whelks concentrated their drilling on the
invasive species on the central section of the shell, where it was thin-
nest. It has also been shown that drilling occurs next to areas where
muscle tissue is greatest (Thomas and Day, 1995), so this may be a
further driver of this observation. In all cases the entire mussel was
removed by the whelk, with none of the partial consumption that has
been observed in this predatory interaction previously (Griffiths and
Blaine, 1994). As no differences in energy content were found between
the different mussels, it is expected that whelks drilled in locations that
maximised the energy gained versus the expense of drilling.
Owing to species invasions that have occurred along coastal shore-
lines globally, the structure of communities and the species that contrib-
ute to them has changed dramatically. When these species constitute a
new prey source for native predators, changes in foraging decisions can
result.We found that owing to a series of invasions,mussel assemblages
on theWest Coast of South Africa have changed in termsof species iden-
tity, abundance and size structure over the past 30 years. As a result,
native predatory whelks, that previously preferentially consumed the
native mussel, have shifted their selection of prey towards the invasive
species. Notably, familiarity with one invasive mussel appears to have
facilitated the assimilation of a secondmorphologically similar invasive
mussel into the diet of whelks. This demonstrates the importance of
understanding the implications that new species have for community
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